Abstract-Inductively coupling power transfer is an emerging technique, which enables power transfer to loads through air. The contactless transformer is the key component of it, and the design of a transformer is a timeconsuming work with a large number of tests. In this paper, a design method of contactless transformer with finite element analysis is presented. First the contactless transformer model is deduced from Maxwell Equations, and the self inductance and mutual inductance computational equations are given as well. Then the magnetic field distributions of contactless transformer with different air gaps are presented by simulation of MAXWELL ANSOFT. Furthermore, the skin and proximity effects are analyzed as well. At last, the results are compared with the experimental results with the same dimension and material. The analyses show that there has a good agreement with each other. So by this method, the design period of a contactless transformer will be shorter than before.
I. INTRODUCTION
Some applications require a power transfer without direct contacts with source supplies. The wireless power transfer (WPT) system allows transferring energy to electronic appliances through an air gap [1] - [2] . As an emerging technique, the WPT has been a hot topic for researchers. Currently, there are three types of WPT techniques have been reported: electromagnetic radiation, inductive coupling and magnetic resonance coupling [3] . Among these, the magnetic inductive coupling technique can transfer higher power than others with higher efficiency. The power transfer system using inductive coupling technique is called Inductive coupled power transfer (ICPT) [4] . Because it has many advantages, ICPT is often applied to transfer power in special occasions. First, high voltage equipments applied ICPT technique may increase their security level because there is no need for user to handle the plugs and cables [1] . Second, in under-water, under-mine and corrosive environments, the lifetime of this system will be longer because of no exposition of coppers. Then, the ICPT systems allow removing brushes of mobile loads or rotating systems, which often cause blasts in the case of oil fields. In addition, in implanted medical applications, it would be better to avoid any physical link between inner body of the patient and the environment, as in [4] . So far efforts have been made to improve the efficiency and enlarge transfer range of ICPT systems. Gyu proposed an energy transmission system for an artificial heart using leakage inductance compensation of transformer [5] , and a contactless electrical energy transmission system for portable telephone is discussed in [1] . Besides, a design method of wireless power transfer system based inductively coupled is presented by Shinya [2] . Furthermore, other researchers focus on the mathematic model and controller design about bidirectional wireless power transfer system [6] . On the other hand, Chen proposed a capacitive coupled contactless power transfer system [7] , and an optimization model of a wireless power transfer system form medical implanted devices is presented in [8] . Nevertheless above mentions are mainly based on circuit topologies, and not focused on the contactless power transformer, which is a key element of an ICPT system.
In ICPT systems, the energy transfer through a contactless transformer to loads by magnetic induction coupling. It is very important to have an accurate model in order to design the transformer avoiding a large number of tests on prototyping stages. Different methods to model the transformer are proposed in the literature [9] - [10] . But these models are based on analytical equations, which do not have enough accuracy with different separations between the primary and secondary sides. Because those works did not take into account the frequency effects, such as skin and proximity effects. On the other hand, models based on Finite Element Analysis (FEA) are presented in [11] - [15] , which have more accurate results. A homogenization method and three dimensional FEA have been used to estimate the losses of a two-winding transformer with large air gap [16] - [17] . In [18] Jesus presented an analysis of the mutual inductance between two planar circular windings. Besides, a rectangular contactless transformer is proposed by use of FEA [19] . In addition, Pascal employed FEA to analysis the skin and proximity effects of a coreless transformer. Based on which the losses of transformer are deduced [20] - [22] . However, up to date, little work presents the analysis of comparison of FEA simulation and experimental results. In this paper, a transformer design method by FEA is discussed, and the simulation results are compared with the experimental. The analyses show that using FEA method can acquire an accurate transformer model, and thus the design cost and time are reduced. This paper is organized as follows. In section II the operation principle of ICPT system is reviewed. In section III, the model of contactless transformer is deduced by Maxwell Equations. In section IV, a design method of contactless transformer by FEA is presented. First, the EE type core contactless transformer is compared to the CC type core. Then, the skin and proximity effects with different frequency are analyzed. Furthermore, the experimental results with a contactless transformer are compared to the results form FEA by MAXWELL ANSOFT. At the end, the conclusions are given in section V.
II. REVIEW OF ICPT SYSTEM
A typical ICPT system consists of the high frequency plus-current generator, a resonant converter, a rectifier and loads, shown in figure 1. The contactless power transformer and the compensated net form a resonant converter.
Load
Resonant Converter Because of a large air gap existed between the primary coil and the secondary coil, the mutual coupling inductance within ICPT systems is generally weak. So a resonant tank circuits should be added into both the primary and secondary parts. Normally, the compensated net includes the PP, PS, SP and SS or other high level compensator [5] . Figure 2 shows the schematic of an ICPT system studied in this paper, in which a half bridge inverter is chose and the PP compensated net is applied. Figure 2 . Schematic of proposed half bridge ICPT system.
As seen from figure 2, a square wave voltage is produced at the mid-node of the half bridge inverter by driving switches Q 1 and Q 2 alternately with 50% duty cycle. The resonant tank consists of the contactless transformer and capacitors connected in series both on the primary coil and the secondary coil. In figure 3 , L p and L s denote the primary coil self-inductances and the secondary coil self-inductances, respectively, M is the mutual inductance between the primary coil and secondary coil and R is the equivalent AC resistor of loads. By means of mutual inductance theory, the equivalent circuit of this system is deduced and shown in Figure 3 . In figure 3 , Z r is the reflected impedance from the secondary side and U c is the induced voltage of secondary side, and Z r can be expressed by (1). 22 
In which Z s is the lumped impedance of secondary side, which is expressed in (2).
Substituting (2) into (1) the reflected resistance and reactance from the secondary coil to the primary is, respectively:
Then, the equivalent impedance looking from the input side of half bridge inverter is:
Therefore, the output power is deduced as equation (6) 
And the output voltage is as following:
Define M v as the gain of output voltage, which is expressed as
Substituting (1) to (7) into(8) the voltage gain is：
In which, N(.) and M(.) is expressed in (10) and (11).
where f n =f/f r , and / sp n L L  . The couple coefficient is defined as k, and  is the capacitor rate defined C p /C s .
The quality factor Q is defined as:
According to (9) , the frequency response of the system can be illustrated in figure 4. Figure 4 shows the curves of voltage gain vs. operation frequency at different load, which mean that at resonant frequency the voltage gain is at maximum point, and with the increasing of load the gain curve become sharper, which mean that the voltage gain is sensitive with the change of load. Figure 5 shows the equivalent circuit of a contactless power transformer, in which L p and L s are the self inductances of primary and secondary winding, respectively, while M is the mutual inductance; R p and R s are the equivalent series resistance of the primary and secondary winding , respectively, and R m is the mutual resistance between windings.
III. MODEL OF CONTACTLESS POWER TRANSFORMER
The energy stored in the transformer is associated with magnetic flux and magnetic field created by windings, which is show in (1) [23] .
On the other hand, the energy can be indicated by self inductances and mutual inductances which are expressed in (8). 22 
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where I p is the rms current in the primary winding, I s is the rms current in the secondary winding. Applying the superposition theorem to solve the equations (13) (17) And, then the coefficient of mutual inductance is given by
To calculate the resistance, the equation to calculate the power losses is about the function of the in current density associated with transformer, and it is expressed as follows.
where σ is the electric conductivity, the power losses in the model are calculated by 22 
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Comparing (19) and (20) , and then apply the superposition theorem; the resistances are calculated by   
IV. FEA ANALYSIS OF CONTACTLESS POWER TRANSFORMER

A. Analysis of EE Core and CC Core
In this section, the EE core and CC core of contactless power transformer will be analyzed to employ FEA. By MAXWELL ANSOFT, the magnetic field distribution of EE core with the air gap of 2mm is shown in figure 6 , while figure 7 shows the magnetic field distribution of a CC core with the same dimension and air gap.
Comparing figure 5 and figure 6 , it is easy to found that the magnetic field distribution of EE type core is well distributes, while CC type core magnetic lines distribution is asymmetrical. Also, it can be seen that the magnetic flux density of EE core is more than that of CC core. In the following part, the excitation position of coil current in the EE core will be discussed. Figure 8 and figure 9 are the magnetic line distribution of EE type core with the excitation on different position. Comparing figure 6 , figure 8 and figure 9 , it is clearly seen that, the magnetic flux density in figure 6 is more than others. On the other hand, from the computational results of MAXWELL ANSOFT, the mutual inductance of figure 6 is largest. So, when the excitation coil is in the position like figure 6, the coefficient of contactless power transformer will be largest, thus the efficiency of ICPT system is highest than in other positions. 
B. Analysis of Skin and Proximity Effects
High frequency currents (10 kHz -5MHz) are injected into the primary coil in order to generate a coupling magnetic field, and a voltage is induced by varying magnetic field on secondary coils. Both skin and proximity effect are caused by the high frequency currents. This section presents an analytical model of the current distribution in a conductor of the cross-section as a function of the frequency. Based on this model, a numerical integral resolution can be acquired by computer. Thus, it is possible to determine the resistance and internal inductance of the conductor.
This model of the current distribution for a single conductor is generated from Maxwell equations. If one assume that the conductor is infinite in length and that the current flows through the z axis direction. Then, the cross-section is just situated in the x, y plane. The current density J(x, y) is defined by the following integral equation [24] - [27] :
Where ω is the frequency of the current, μ 0 is the permeability of free space, σ is the conductivity of the conductive material, here σ = 58.82e 6 S/m for copper, S is the surface of the cross-section, J ω=0 (x, y) =-σV is the current density generated by the voltage supply and refers to as the current density at low frequencies. Resolving this equation gives the current density distribution over the cross section.
Knowing the distribution of the current over the cross section, it is possible to calculate the per-unit-length resistance and internal self inductance of the conductor through energy relations as: Observed form figure 10 , it can be known that the strongest current density are displayed at the edge of cooper coils, which demonstrates the skin and proximity effects well. To achieve the features of coil-resistance to the frequency of excitation current, a group of data is computed by the software MAXWELL ANSOFT. The results are plotted in figure 11 , which shows that with the increasing of excitation currents frequency, the per unit length resistor will increases. This agrees with the above theoretic analysis.
C. Experimental Result
In this section a contactless transformer with EE type magnetic core is presented by FEA. The distributions of magnetic field are shown by ANSOFT MAXWELL, and different gaps between coils are analysis. Also, the coefficients with the change of gaps are computed by ANSOFT. At last the results are compared with the experimental results, which show good agreement with each other. Figure 12 is the core studied in this paper, and the material used is ferrite with relative permeability of 1000. The dimension values are shown in table 1. The figure 13 shows the field distribution with the air gap of 2mm, while figure14 shows the distribution with the air gap of 10mm. Comparing with figure 13 and figure 14 , it is clearly shown that the field density at 2mm is strong than 10mm.
Furthermore, the mutual inductance and coefficient are computed by ANSOFT with the gap from 2mm to 10 mm, and the result is shown in table 2. At the same time, tests on a prototype shown in figure 15 with the same core dimension analyzed in simulation have been performed. These tested results are compared with the simulation results in table 2. To indicate magnetic field features, figure 16 shows the mutual inductance of the contactless transformer with the increasing of the gap distance. It is clearly that with the gap become bigger the mutual inductance of contactless transformer will be small, and there is a good agreement of the simulation results and experimental results with each other. Similarly, the coupling coefficients of EE core transformer are computed and tested by MAXWELL ANSOFT and experimental setups in different distances.
The curves are shown in figure 17 . From this plot, we can see that the coupling coefficient drops with the increasing of gap, which agrees with the theoretical analysis. Figure 18 shows the skin and proximity effects of primary coil. The tested results of resistors of primary coil are compared with the computational results from MAXWELL ANSOFT. The plot shows that with the increasing of excitation frequency, the resistor will increases at the same time because of the skin and proximity effects. And the experimental results are according with the computational results well. 
V. CONCLUSTIONS
Most problems related to contactless power transfer are usually employing equivalent electric circuits as a tool for their analysis. Furthermore, its values usually acquired from measurement results performed in prototypes, which is an expensive and time consuming task. In this paper, however, a FEA approach based on the Maxwell Equations is presented, and the magnetic field distributions are displayed by ANSOFT MAXWELL. Moreover, experimental results from a prototype are compared with the simulation results, which show good agreement with each other.
